We present a multilayer dielectrophoresis (DEP) chip for programmable trapping of single cells and obtaining electrical impedance spectroscopy (IS) data for the trapped cells. Our aim is to characterize the heterogeneity of tumor cells using impedance spectra. The final goal is the realization of an automated system for isolating tumor cells from blood samples, trapping cells, and measuring each single cell in a wide frequency band. In this contribution we introduce the design, describe the fabrication technology, and present simulations. In contrast to previous work of other workgroups, we address all traps individually and use an optimized electrode geometry. Additionally, an efficient fabrication process is applied.
Introduction
Fast diagnosis is of a major concern in tumor cell therapy. Each tumor cell culture has a different relative permittivity and conductivity and therefore can be distinguished in an electric field, and further in the impedance spectrum, which then gives information of the condition of the cell. Therefore a sensor was developed which allows fast and non-invasive diagnosis of single tumor cells. The aim of this sensor is to capture single cells and measure their impedance spectrum in a frequency range from 10 Hz to 10 MHz. Previous similar work can be found, e.g., in [1] , [2] . In contrast to these approaches, our sensor chip facilitates addressing of all traps individually.
Theory
For trapping a cell between two electrodes, an alternating electric field between two electrodes can be applied. The non-uniform field creates a so-called dielectrophoretic force (DEP). It is important that the particle is polarizable e.g. that an electric dipole moment is induced by the field. Modeling a cell as a sphere, the DEP force can be expressed as [3] 2
where εm is the relative permittivity of the surrounding medium, R the radius of the particle, Erms² the gradient of the root-mean-square of the applied electric field squared. The Clausius-Mosotti Factor CM is defined as
where εp and εm are the relative permittivity of particle and medium, respectively. They are both frequency dependent and complex-valued, in general. Here only the real part of the CM factor is of interest. If Re{CM} < 0, a negative DEP force is obtained which means the particle will be attracted towards regions with smaller electric field strengths. If Re{CM} > 0, a positive DEP force is obtained and the particle moves towards regions with high electric field strengths. Fig . 1 shows the real parts of the CM factor for PMMA particle [4] and human B-Lymphocyte cell [5] in a frequency range from 10 Hz to 10 MHz. For trapping the cell with our design, a frequency must be applied where the CM factor is negative.
Simulation
The developed sensor consists of multilayered electrodes which are separated by a photoresist layer, see Fig. 2 . A 20 μm thick layer of negative photoresist SU-8 separates the bottom and middle electrodes. The top electrode is put on a housing printed with a 3D printer. The height of the housing is 200 μm. Simulations were done using the Finite Element software COMSOL. The surrounding medium will be deionized water or PBS buffer solution, the particle is modelled as a sphere. For the trapping mode, a voltage must be applied between middle and top electrode. For the impedance measurement mode, voltage must be applied between middle and bottom electrode. Fig. 3 shows the electric field distribution when trapping mode is active. There are two regions where the electric field density is low: at the top of the sensor and at the bottom of the trap. While the gravitational force pulls the particle to the buttom, the edge of the trap can be crucial because there electric field features a (theoretical) singularity. However, since the particles are in motion while forcing the fluid into the channel, the particle has the chance to pass over this critical point. In Fig. 4 the electric field distribution during impedance measurement is given. There is a distinct difference in the field for the cases with and without a cell inside the trap. 5 shows the impedance spectrum (modulus) for a trapped PMMA particle and a human B-Lymphocyte cell compared to the case of an empty trap, i.e. the trap is filled with water. 
Fabrication
The sensor is fabricated in thin-film technology. Silicate glass is used as the substrate because of its low surface roughness (about 5 nm). For the electrode material, a bio-compatible material has to be used. Also the material must provide good adhesion to glass and SU-8. As bottom electrode, gold was used which is known to be bio-compatible. Since gold does not offer good adhesion to glass, a chromium seeding layer has to be used between glass and gold, where sputtering is used to deposit this layer. After processing the bottom layer structures, an SU-8 negative photoresist is spinned on the bottom electrodes with a thickness of 25 μm. After developing the SU-8 structure, traps remain on the sensor, each of them 25 μm in diameter, and 31 traps in total. After that, the middle electrodes are evaporated with PVD (physical vapor deposition) process, where copper was chosen as electrode material as it provides good bonding to SU-8 and is also bio-compatible. As a channel for the fluid, a structure with a height of 200 μm is put on the sensor around the traps. The structure is printed with a 3D plotter. Finally the top electrode, which is simply an un-structured copper plate is put on the channel. The fabricated sensor is shown in Fig. 6 . 
Conclusion
A multilayer DEP sensor was fabricated for impedance measurement of particles and human cells. The sensor is intended to be able to measure on single-cell level and after a cell is captured in the trap, there is no need of permanent applying voltage for holding the cell in its position since it is captured in the cavity. Thus, the impedance of the cell can simply be measured by using the middle and bottom electrodes. A simple fabrication technology has been devised. The next steps will deal with the experimental evaluation of the sensor. 
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